We have examined expression of the neurogenic gene, Delta (Dl), and the regulatory relationships between the Delta-Notch signalling pathway and the proneural gene, achaete, during microchaeta development in Drosophila. Delta is expressed in all microchaeta proneural cells and microchaeta sensory organ precursors (SOPs) and is expressed dynamically in SOP progeny. We find that Delta expression in microchaeta proneural cells is detected prior to the onset of achaete expression and arises normally in the absence of achaete/scute function, indicating that initial Delta expression in the notum is not dependent on proneural gene function. Activation of the Delta-Notch pathway results in loss of Delta protein accumulation, suggesting that Delta expression is regulated, in part, by Delta-Notch signalling activity. We find that Delta signalling is required for correct delineation of early proneural gene expression in developing nota. Within microchaeta proneural stripes, we demonstrate that Delta-Notch signalling prohibits adoption of the SOP fate by repressing expression of proneural genes.
Introduction
Neuroblasts within the Drosophila embryonic ventral neurogenic region (vNR) and bristle sensory organ precursors (SOPs) of the developing adult notum share many similarities in their methods of selection and in the genes that are utilized to execute the selection process. In both cases, groups of equipotent cells, denoted proneural clusters, are delineated by the expression of proteins encoded by the achaete-scute complex (AS-C), which includes the proneural genes, achaete (ac), scute (sc), and lethal of scute (l'sc) (for reviews see Ghysen and Dambly-Chaudière, 1988; Campuzano and Modolell, 1992) . Expression of these genes increases in the cell that will adopt the neural fate and is eventually limited to that cell (Romani et al., 1989; Cubas et al., 1991; Martín-Bermudo et al., 1991; Skeath and Carroll, 1991; Skeath and Carroll, 1992; RuizGómez and Ghysen, 1993) . Evidence from genetic and in vitro studies indicates that basic helix-loop-helix (bHLH) proteins encoded by the AS-C form heterodimers with the bHLH transcription factor daughterless, creating transcriptional activators that can bind the promoters of genes involved in embryonic neurogenesis and/or bristle development, including achaete, scabrous, Bearded, and the Enhancer of split [E(spl)] complex genes m4, m7 and m8 Murre et al., 1989; Cabrera and Alonso, 1991; van Doren et al., 1991; Singson et al., 1994; Bailey and Posakony, 1995) .
Following the delineation of a group of cells competent to adopt the neuroblast or bristle SOP fate, proteins encoded by the neurogenic genes act to limit adoption of the neural fate to a single cell: the neuroblast within the vNR or the bristle SOP in the developing notum. These proteins appear to participate in an intercellular signalling pathway consisting of the transmembrane signalling molecule, Delta; its receptor, Notch; and cytoplasmic and nuclear proteins, such as Suppressor of Hairless [Su(H)], deltex, and mastermind (for reviews see Muskavitch, 1994; Posakony, 1994; Artavanis-Tsakonas et al., 1995) . Activation of this pathway is proposed to result in transcription of the E(spl) complex genes, most of which encode small, related bHLH proteins thought to act as transcriptional repressors (de la Concha et al., 1988; Klämbt et al., 1989; Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992; Lieber et al., 1993; Jennings et al., 1994; Oellers et al., 1994; van Doren et al., 1994; Bailey and Posakony, 1995; Lecourtois and Schweisguth, 1995) .
Several lines of evidence indicate that there are complex regulatory interactions between the genes of the AS-C and the Delta (Dl) and Notch (N) loci within the embryonic vNR. Kunisch et al. (1994) have identified binding sites within the Dl promoter for heterodimers composed of achaete or lethal of scute and daughterless, and have shown that lacZ reporter constructs in which these binding sites are mutated exhibit aberrant regulation within the vNR. In addition, Haenlin et al. (1994) have demonstrated that the expression of b-galactosidase under the control of a Dl promoter is altered in various ac, sc, and l'sc mutant backgrounds. Conversely, normal resolution of ac, sc and l'sc expression to the cell adopting the neural fate within embryonic proneural clusters appears to be dependent on the action of Delta, Notch and a downstream component of the Delta-Notch signalling pathway, Su(H), indicating that proper regulation of proneural gene expression is dependent on the Delta-Notch signalling pathway (Brand and Campos-Ortega, 1988; Skeath and Carroll, 1992; Ruiz-Gómez and Ghysen, 1993; Lecourtois and Schweisguth, 1995; Martín-Bermudo et al., 1995) . In third larval instar wing discs, ectopic l'sc expression appears to result in ectopic Dl expression, whereas ac expression does not resolve to single cells in Su(H) mutant proneural clusters, suggesting that regulation of proneural and neurogenic gene expression may be intertwined postembryonically as well (Hinz et al., 1994; Schweisguth and Posakony, 1994) . We have examined the regulation and role of Delta in the development of notal microchaeta bristle organs. We find that Dl is transcribed and translated in a dynamic pattern during microchaeta SOP specification and subsequent bristle development, and that neurogenic signalling is required at each step of bristle development for correct cell fate specification. We also investigate the regulatory relationships between the Delta-Notch signalling pathway and the proneural genes ac and sc during early microchaeta development.
Results

Delta and Notch protein localization during notal bristle SOP specification
Delta and Notch function are required during bristle SOP specification to prevent the development of supernumerary SOPs (Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993) . Two hypotheses have been framed to explain the role of the Delta-Notch signalling pathway in the process of SOP specification (for review see Muskavitch, 1994) . The lateral inhibition hypothesis postulates that Delta, as the inhibitory signal, is expressed at higher levels or solely by the cell adopting the SOP fate and acts on surrounding cells (via Notch) to prevent adoption of the SOP fate by those cells (see Heitzler et al., 1996) . The mutual inhibition hypothesis holds that Delta and Notch are expressed by all cells within the SOP equivalence group and that all cells send and receive inhibitory signal. Escape of the SOP from this field of inhibition could be mediated by factors that modulate receipt of the inhibitory signal (e.g. numb; for review see Posakony, 1994) or by post-translational modification of Delta and/or Notch. To distinguish between these hypotheses, we examined Delta transcription (data not shown) and Notch and Delta protein accumulation preceding and during microchaeta SOP specification in developing nota. SOP specification was followed by staining for b-galactosidase encoded by the A101 transposon (see Fig. 2 legend) . Fig. 1 presents a brief description of notal development. Microchaeta SOPs are specified in stripes within the notum ( Fig. 1) (Usui and Kimura, 1993) ; areas between stripes are referred to as interstripes. At the beginning of puparium formation, Dl is transcribed (data not shown) and the protein is localized primarily in two stripes of cells per heminotum ( Fig. 2A) . One of these stripes corresponds to one of the two central microchaeta stripes within the adult notum (stripe 1; Fig. 1 . A schematic of notal development. The adult notum (bottom) is derived from the fusion of two heminota (top) found at the anterior ends of the two wing/notal imaginal discs. Fusion takes place between 6 and 8 h after puparium formation (APF). Within each notum, microchaeta SOPs arise within stripes of proneural cells. These stripes are numbered sequentially from the medial to lateral sides of each heminotum (e.g., the stripe that develops in the center of the adult notum is designated stripe 1, and the stripe that contains the dorsocentral macrochaetae is designated stripe 5; Usui and Kimura, 1993) . Microchaeta stripes 1, 3, and 5 develop first, followed by stripes 2 and 4 (ibid.). Three microchaeta proneural stripes are represented in gray in each early heminotum (top). The majority of microchaeta SOPs arise within proneural stripes between 10 and 12 h APF. Microchaetae are shown as small black dots (bottom), macrochaetae as large black dots. Numbers indicate microchaeta proneural stripes. Macrochaeta abbreviations: aDC, anterior dorsocentral; pDC, posterior dorsocentral; pPA, posterior postalar; aSA, anterior supraalar. This schematic is not drawn to scale. see also Fig. 1) . The other corresponds to the stripe of microchaetae that contains the dorsocentral macrochaetae (stripe 5). Each of these stripes is approximately 3-5 cells wide over most of the length of the stripe. Each becomes significantly wider and the two eventually merge at their posterior ends. During these early stages, Delta protein is found largely on cell surfaces ( Fig. 2A) . By 6 and 8 h APF, at least two more stripes of cells begin to express Delta (Fig.  2B,C) , and stripes 1 and 5 appear to become somewhat narrower. By 12 h APF, the complete microchaeta stripe pattern has emerged (Fig. 2D) . As more stripes appear, Delta protein appears to be more diffusely distributed and is localized more prominently in vesicles within cells (data not shown). Dl expression can also be detected in interstripes using in situ hybridization, albeit at much lower levels than within stripes (data not shown). This interstripe expression is less apparent at the protein level.
We find that the Notch protein accumulation pattern is complementary to that of Delta during microchaeta SOP specification. At 0 h APF, Notch protein is found on the surfaces of most cells within each heminotum (Fig. 2E ). But in some preparations, it appears that Notch expression is diminished within regions that exhibit elevated Delta expression (data not shown). By 6 and 8 h APF, this complementary expression pattern has become quite obvious. Notch protein is detected at high levels in interstripes (Fig. 2F ,G, asterisks) and at much lower levels within proneural stripes. During this period, Notch protein appears to exhibit increasingly cytoplasmic localization, such that little Notch can be detected on cell membranes by 8 h APF. By 12 h APF, Notch is expressed more uniformly throughout the notum; although in some nota, Notch still appears to be expressed at higher levels in interstripes than in stripes (Fig. 2H) . At this time, Notch protein appears to localize exclusively to the cytoplasm, and no Notch protein can be detected on cell surfaces (Fig. 2H, inset) . Notch also continues to accumulate in cells adopting the SOP fate (Fig. 2H , inset, arrow). Complementary patterns of expression for Delta and Notch have been observed in at least two other postembryonic tissues: the developing retina and the developing wing (Kooh et al., 1993 ; S.S. Huppert, T.L. Jacobsen and M.A.T. Muskavitch, submitted).
Microchaeta SOP specification within proneural groups can be detected in at least two ways. First, SOP specification can be followed by examining achaete expression (Romani et al., 1989; Cubas et al., 1991; Skeath and Carroll, 1991) . Achaete protein is first detected around 6.5 h APF and by 8 h APF appears within stripes of cells that appear to be indistinguishable from Delta-expressing stripes of cells (Fig.  2K) . Within 2 h, achaete protein expression has begun to resolve to cells adopting the SOP fate (data not shown). By 12 h APF, expression is largely restricted to SOPs (Fig. 2L) . Second, expression of b-galactosidase mediated by the A101 transposon is one of the first known markers for SOP specification. b-Galactosidase expression is first seen in SOPs at 10-12 h APF (Fig. 2D, blue dots) . The complete pattern of A101-expressing SOPs is essentially complete by 14 h APF. Based on these two criteria for SOP cell specification, microchaeta SOPs appear to arise within stripes of Delta-expressing cells. We conclude that Dl is expressed in all cells of microchaeta proneural groups prior to and during microchaeta SOP specification, and at lower levels between proneural groups in interstripe regions.
Finally, it is worth noting the Delta expression patterns for the positions of the three macrochaeta SOPs that initiate A101-mediated b-galactosidase expression post-pupariation (Huang et al., 1991) . The anterior dorsocentral macrochaeta, which is not strongly affected by reductions in Delta function (Parks and Muskavitch, 1993; Parody and Muskavitch, 1993) , develops within microchaeta stripe 5, an intense Delta stripe (Fig. 2B, upper arrow) . In contrast, the anterior supraalar and posterior postalar macrochaetae, which are strongly affected by reductions in Delta function (ibid.), arise in regions that exhibit low levels of Delta expression ( Fig. 2A, arrowheads) . This implies that the specification of macrochaetae at different positions is differentially sensitive to levels of Delta-Notch signalling.
Delta is expressed in SOPs and SOP progeny
Following specification, the SOP cell divides to give rise to two daughters, designated pIIa and pIIb (Hartenstein and Posakony, 1989) . pIIa then divides to give rise to the tormogen cell, which will generate the bristle socket, and the trichogen cell, which will secrete the bristle shaft. The daughters of pIIb, produced 1 or 2 h after those of pIIa, will develop into the neuron that innervates the bristle and an accessory cell called the thecogen cell. The Delta-Notch signalling pathway is required at each of these steps for correct bristle organ development (see below). We have therefore examined Dl transcription and protein accumulation in SOPs and SOP progeny to better understand the role of Delta in later bristle development.
We find that Dl is transcribed in SOPs as well as in all surrounding cells before, during and after SOP cell specification (Fig. 3A) . Dl transcription levels within emergent and newly specified SOPs appear comparable to those within neighboring cells (Fig. 3A) . In contrast, shortly after achaete protein accumulation has resolved to single cells, Delta protein accumulation in the vicinity of SOPs is distinguishable from that within neighboring areas. We find that Delta-containing vesicles are more numerous and more intensely stained in areas surrounding cells presumed to have adopted the SOP fate, but are not yet exhibiting A101-mediated bgalactosidase expression (Fig. 3B, arrows) , as well as in areas surrounding SOPs already expressing b-galactosidase (Fig. 3B, arrowhead) . Delta-positive vesicles can also be found in neighboring areas; however, these vesicles are smaller and fewer in number (data not shown). Continued Dl expression in notal SOPs contrasts with the Dl expression pattern observed during embryonic neurogenesis. Dl expression is down-regulated within segregating embryonic neuroblasts shortly after their specification (Kopczynski, 1991) .
After microchaeta SOP division, at 18 h APF, Dl continues to be transcribed within pIIa and pIIb (Fig. 3C ). Surrounding epidermal cells also continue to transcribe Dl (Fig.  3C ). Dl appears to be transcribed at equivalent levels in both SOP daughters and at somewhat lower levels by surrounding cells. The majority of Delta protein is found in intracellular vesicles in pIIa and pIIb. However, in some preparations, Delta protein can also be found in plaquelike structures situated between pIIa and pIIb cells (Fig.  3D, arrow) . Within epidermal cells surrounding the developing bristle organ, Delta protein localization appears diffuse.
By 24 h APF, most microchaeta groups consist of four cells. Dl is transcribed more intensely by the cell adopting the trichogen fate and less intensely by the cell adopting the tormogen fate in the majority of these groups (Fig. 3E1,E2 ). Variations on this pattern can also be found, including groups in which the neuron and/or thecogen cell transcribe Dl at low levels or in which the trichogen and/or tormogen are not expressing Dl (data not shown). Due to the vesicular nature of Delta protein staining in early four-cell organs, it is difficult to assess the Delta protein pattern at this stage. During later stages, Delta protein can sometimes be detected in a plaque-like structure situated between the trichogen and tormogen cells (data not shown). By 34 h APF, Dl transcription can still be detected in either the trichogen cell alone or in trichogen and tormogen cells. Dl expression in the epidermis has largely ceased (data not shown).
Initial Dl expression in microchaeta proneural stripes is not dependent on proneural gene function
A comparison of Delta and achaete protein expression patterns in early pupal nota reveals that Delta can be found in microchaeta proneural stripes at least 8 h before achaete protein is detected (compare Fig . This indicates that initial Dl expression within microchaeta proneural groups is not dependent on proneural gene function, in contrast to the dependence observed in embryonic proneural clusters Kunisch et al., 1994) . We investigated this issue by examining Dl expression in sc 10-1 pupal nota. sc 10-1 animals lack functional achaete and scute proteins (Campuzano et al., 1985; Villares and Cabrera, 1987) , and sc 10-1 adults lack head, thoracic, leg and abdominal chaetae (Lindsley and Zimm, 1992) . In the absence of achaete and scute function, Dl transcription (data not shown) and protein accumulation patterns appear wildtype until at least 8 h APF (compare Fig. 4E -G with Fig.  4A -C). However, at 10 and 12 h APF, Delta protein levels in nota from sc 10-1 animals ( Fig. 4H ) are significantly lower than in nota from control animals ( Fig. 4D ).
Delta protein accumulation in proneural stripes is reduced in response to Delta-Notch signalling activity
Heitzler and Simpson (1991) predicted that Delta-Notch signalling might regulate Delta and Notch activity via a feedback loop, based on data generated using somatic mosaic analysis in the notum (see Section 3). They suggested that this regulation would result in asymmetries in Fig. 2 . Delta, Notch, and achaete protein expression in early prepupal nota. Protein localization was performed using A101/TM3 animals; b-galactosidase expressed from the A101 transposon is found in the nuclei of SOPs and SOP progeny (Huang et al., 1991) . Anterior is up in all panels. Medial is to the right in panels containing heminota (A,B,E,F,I,J), remaining panels show full nota (see Fig. 1 ). In (A-D,F-H), heminota and nota were stained for b-galactosidase expressed from the A101 transposon to identify macrochaeta and microchaeta SOPs and SOP progeny (blue). (A-D) Delta protein localization. Delta protein is found primarily in two microchaeta stripes in a 0 h APF heminotum (A). These stripes correspond to microchaeta stripes 1 and 5 (labeled). Delta protein expression is also elevated in the lateral heminotum (left-hand side), except in the area surrounding the site where the anterior supraalar macrochaeta will develop (upper arrowhead). This lateral expression will continue through at least 24 h APF. The lower arrowhead indicates the site where the posterior postalar macrochaeta will develop. By 6 h (B) and 8 h (C) APF, additional stripes appear. Interstripes are labeled with asterisks and the anterior (upper arrow) and posterior (lower arrow) dorsocentral macrochaeta sites are indicated. By 12 h APF (D), the entire microchaeta proneural stripe array expresses Delta protein. (E-H) Notch protein localization. At 0 h APF (E), Notch protein is found on the surfaces of most cells in the heminotum. By 6 h and 8 h APF (F,G), the Notch protein pattern is clearly complementary to that of Delta. Asterisks marking interstripe areas and arrows denoting the anterior dorsocentral (upper arrow) and posterior dorsocentral (lower arrow) macrochaeta SOPs allow direct comparison with the Delta pattern (B,C). Notch protein is detected primarily in the cytoplasm by 8 h APF. By 12 h APF (H), Notch is detected only in the cytoplasm (inset) and expression becomes more uniform across the notum. Expression can be easily detected in nascent SOPs (inset, arrow). (I-L) Achaete protein localization. In a 0 h APF heminotum (I), achaete protein localizes to the nuclei of small groups of cells tentatively identified as the proneural clusters for the anterior supraalar and posterior postalar macrochaetae, and the tr2 sensillum. Achaete is not expressed in nota at 6 h APF (J). By 8 h APF (K), achaete protein is expressed in a microchaeta proneural stripe array indistinguishable from that for Delta. Achaete protein expression then begins to resolve to the cells that will adopt the SOP fate, and by 12 h APF (L), is largely restricted to SOPs. Delta and Notch activity that would cause adoption of the neural fate by single cells. We have investigated the possibility that Delta-Notch signalling affects the levels of Delta protein within proneural cells by examining the effects of constitutive Notch activity on Delta protein accumulation.
Expression of the intracellular domain of Notch [Notch(intra) ] under the control of the hsp70 promoter (Struhl et al., 1993) results in Notch gain-of-function phenotypes during embryonic and postembryonic development (Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993) . Delta protein accumulation in the nota of early puparia is reduced after induction of Notch(intra) from 0 to 2 h APF (compare Fig.  5B with Fig. 5A ). This implies that high levels of DeltaNotch signalling activity result in repression of Delta expression within microchaeta proneural stripes. Similar results have been observed during some stages of wing and eye development (Huppert, Jacobsen and Muskavitch, submitted; A.L. Parks and M.A.T. Muskavitch, unpublished observations). Drastic reductions in Delta protein accumulation are not observed following a similar induction of Notch(intra) around 12 h APF, indicating that regulation of Delta expression by Delta-Notch signalling activity is stage and/or cell type-specific (data not shown).
The Delta-Notch signalling pathway is required at two steps during proneural cluster formation and SOP specification
In embryonic and larval proneural clusters, the DeltaNotch signalling pathway is believed to prohibit adoption of the neural fate by repressing expression of the proneural genes in cells not adopting the neural fate (see Section 3). We investigated the regulatory interactions between DeltaNotch signalling and the proneural genes during microchaeta SOP specification by examining achaete expression following induction and reduction of Delta-Notch signalling activity.
Heat-pulsing animals with Dl temperature-sensitive genotypes during early pupal development results in microchaeta multiplication due to the specification of supernumerary SOPs (Parks and Muskavitch, 1993) . Achaete protein is found in most, if not all, nuclei within the scutum after reduction of Delta function between 5 and 10 h APF (compare Fig. 5D with Fig. 5C ). This indicates that Delta function is normally required to repress achaete expression between microchaeta proneural stripes. Pulses initiated after achaete expression has begun result in the presence of excess achaete-expressing cells throughout the notum (data not shown), indicating that Delta is also required within proneural stripes to repress achaete expression.
Induction of Notch(intra) expression (see above) at any time during the period of microchaeta-related achaete expression results in adults that lack notal microchaetae due to the loss of SOPs (Bang et al., 1995; Lyman and Yedvobnick, 1995 ; see also Fig. 6B ). We find that achaete protein can no longer be detected in nota following induction of Notch(intra)-mediated signalling during this period (compare Fig. 5F with Fig. 5E ). This indicates that DeltaNotch signalling functions to repress proneural gene expression within microchaeta proneural stripes. /Y animals were identified based on Malpighian tubule coloration and on the absence of Delta protein localization at sites where macrochaetae should be developing. Note that Delta protein localization in mutant and wildtype nota appears identical in microchaeta proneural stripes until 12 h APF, when levels appear significantly lower in a w sc 10-1 /Y notum (H) than in a control notum (D).
The Delta-Notch signalling pathway is required during all steps of bristle development for correct cell fate specification
Three asymmetric cell fate choice events occur after SOP specification: the choice between pIIa and pIIb cell fates at the two-cell stage, and the choices between tormogen and trichogen cell fates and between neuronal and thecogen cell fates at the four-cell stage. Previous studies have confirmed roles for Delta and/or Notch in the two decisions made at the four-cell stage, and have suggested roles in the choice between pIIa and pIIb fates at the two cell stage (Hartenstein and Posakony, 1990; de Celis et al., 1991; Parks and Muskavitch, 1993; Lyman and Yedvobnick, 1995) .
We have expressed Notch(intra) for short periods of time to examine the effects of increased Delta-Notch signalling during SOP specification and during the two-and four-cell stages of bristle development. The resulting phenotypes occur first in microchaeta rows 1, 3 and 5 and subsequently in rows 2 and 4, due to the relatively later development of rows 2 and 4 (Usui and Kimura, 1993; our unpublished observations). We find that expression of Notch(intra) for 2 h periods during SOP specification, between 6 and 16 h APF, results in the loss of all microchaeta SOPs and in adults lacking all notal microchaetae (Fig. 6B ) (see also Bang et al., 1995; Lyman and Yedvobnick, 1995) . Expression of this construct for 2 h when pIIa and pIIb are present, from 18 to 22 h APF, results in the formation of two shafts Fig. 5 . Achaete and Delta protein expression in proneural stripes is responsive to changes in Delta-Notch signalling activity. (A,B) Delta protein accumulation appears normal in heminota from A101/TM3 animals (A) pulsed at 37°C from 0 to 2 h APF and allowed to recover for 1 h at 25°C before dissection, but is reduced in heminota from animals carrying Notch(intra) under the control of the heat shock promoter (B) that have been treated in a similar manner. (C,D) Achaete protein expression appears normal in nota from control A101/TM3 animals (C) pulsed at 32°C from 5 to 10 h APF and allowed to recover at 18°C for 1 h before dissection, but is expanded in nota from temperature-sensitive Dl RF /Dl 6B37 animals (D) that have been treated in the same manner. (E,F) Achaete protein expression appears normal in nota from control A101/TM3 animals (E) pulsed at 37°C for 45 min at 7 h APF and allowed to recover at 25°C for 1 h before dissection, but is lost in nota from animals carrying Notch(intra) under the control of a heat shock promoter (F) that have been treated in the same manner.
associated with sockets at each microchaeta site (Fig.  6C,D) . MAb 22C10 staining of trichogen and neuronal cells at 48 h APF shows that this cuticular phenotype is correlated with the absence of neurons (data not shown). Induction of Notch activity for 2 h after division of pIIa and pIIb, from 22 to 28 h APF, results in the loss of the trichogen cell and the presence of two sockets (Fig. 6E,F) (see also Lyman and Yedvobnick, 1995) . MAb 22C10 staining of 48 h APF pupal nota heat-shocked from 22 to 24 h APF reveals there is row-specific loss of the neuronal cell in developing bristles (data not shown). This suggests that, for short periods of time, the transformation of trichogen into tormogen can be accompanied by a transformation of neuron into thecogen. The row specificity we observe presumably arises because different rows are at different development stages, respectively, during Notch activation. Finally, expression of Notch(intra) for 2 h at any time from 30 to 34 h APF results in abnormal microchaeta shaft development (Fig. 6G,H) , apparently due to partial transformation of the trichogen cell into a tormogen cell.
Discussion
The proneural genes ac and sc are not required for initial expression of Delta in microchaeta proneural stripes
Several lines of evidence indicate that the proneural genes, ac, sc, and l'sc may positively regulate Dl expression in embryonic proneural clusters (see Section 1). In contrast, we find that Dl expression precedes achaete protein accumulation in microchaeta proneural stripes and is initiated in these stripes in the absence of ac and sc functions. We conclude that initial Dl expression is not dependent on the function of achaete or scute proteins during microchaeta proneural cluster formation.
Delta protein expression in nota declines prematurely in the absence of ac and sc function, which reflects a requirement for achaete and scute in the maintenance of Delta expression in older puparia. This requirement could be direct or indirect. In wildtype nota, achaete expression ceases in cells adopting epidermal fates during the time of SOP specification. In addition, achaete expression ceases shortly before macrochaeta SOP division (Cubas et al., 1991; Skeath and Carroll, 1991) , and it is likely that expression also ceases in microchaeta SOPs prior to SOP division. In contrast, we find that wildtype Delta expression does not cease, but instead continues in cells adopting epidermal or SOP fates through later stages of bristle development. This implies that wildtype Dl expression in late proneural stripes does not rely on achaete expression and suggests that the loss of Delta protein expression observed in sc 10-1 nota is an indirect effect of the loss of proneural gene function. We infer that maintenance of Dl expression in proneural stripes requires maintenance of proneural identity. In the absence of achaete and scute functions, proneural identity is lost, resulting in the loss of Dl expression.
Delta-Notch signalling activity appears to refine initial Dl and N expression patterns via feedback regulation
The mechanisms that regulate initial expression of Dl and N in complementary stripes in early puparia are unknown. Organization of the adult notum sensillar pattern may be orchestrated by patterning systems similar to those that control development of embryonic axes (Akam, 1987; Ingham, 1988; St. Johnston and Nüsslein-Volhard, 1992) . Domains of ac and sc expression in the notum are probably controlled in part through cis-regulatory sequences acted upon by genes such as hairy, a pair-rule gene; pannier, a gene also required during embryogenesis; and the members of the Iroquois complex, araucan and caupolican (Ramain et al., 1993; Ohsako et al., 1994; van Doren et al., 1994; Gómez-Skarmeta et al., 1996) . Initial Dl expression in the notum may also be controlled by such genes. For instance, Haenlin et al. (1994) allude to the presence of potential binding sites for Krüppel, a putative zinc-finger transcription factor encoded by one of the embryonic gap genes (Wieschaus et al., 1984; Rosenberg et al., 1986) , within the Dl promoter.
Our data are consistent with the hypothesis that DeltaNotch signalling activity regulates Dl and N expression to amplify, refine and maintain expression domains initiated by patterning genes. Heitzler and Simpson (1991) found that wildtype bristles do not form at the borders of mitotic clones homozygous for hypomorphic N alleles. They suggested that cells with reduced Notch function may somehow increase Delta activity and therefore signal more effectively to inhibit neighbors from adopting the SOP fate. These observations and others have led to the hypothesis that initial asymmetries in Delta-Notch expression might be amplified by a feedback loop. Cells with slightly more Notch receptor would eventually produce even more Notch activity and less Delta activity, and cells with slightly less Notch would generate more Delta activity and even less Notch activity (for review see Ghysen et al., 1993; Schweisguth et al., 1996) . The complementary expression patterns we observe for Delta and Notch in the pupal notum provide support for the existence of this type of feedback regulation. Our finding that generalized induction of Notch signalling activity in the notum results in generalized reduction of Delta expression provides further evidence for its existence in this context. We observe similar reductions in Delta expression following induction of Notch activity at some stages of wing and eye development (Huppert, Jacobsen and Muskavitch, submitted; Parks and Muskavitch, unpublished observations) . This type of feedback has also been shown to exist in an analogous pathway that includes the genes lag-2 and lin-12 in Caenorhabditis elegans (Wilkinson et al., 1994) .
Delta function is required for repression of achaete within interstripe regions
Evidence from several studies indicates that the DeltaNotch signalling pathway is not required for proneural cluster formation during embryonic neurogenesis. Within the embryonic vNR and peripheral nervous system (PNS), hypomorphic mutations in Dl, N, mastermind, big brain, neuralized, almondex, or Enhancer of split or germline clones of N mutant tissue have no discernible effects in the initial number of l'sc-or ac-expressing cells in proneural clusters (Brand and Campos-Ortega, 1988; Skeath and Carroll, 1992; Ruiz-Gómez and Ghysen, 1993; Martín-Bermudo et al., 1995) . In addition, Goriely et al. (1991) examined the appearance of specific PNS SOPs during embryonic neurogenesis using various enhancer trap markers, and similarly concluded that the neurogenic genes are not required to define the locations or types of SOPs that develop.
In contrast, we find that initial achaete protein expression expands into interstripe regions when Delta function is reduced, suggesting Delta function is required to help define microchaeta proneural stripe boundaries. This finding is consistent with previous data showing that supernumerary SOPs are found in interstripe regions when Delta function is reduced using temperature-sensitive Dl genotypes (Parks and Muskavitch, 1993; Parody and Muskavitch, 1993) . Reduction of Notch function using the temperature-sensitive allele N ts1 does not result in supernumerary bristles within interstripe regions (Hartenstein and Posakony, 1990) . However, Notch is expressed at high levels in interstripe regions and these regions may therefore be less sensitive to partial reductions of Notch function, such as those that might result from the hypomorphic N ts1 allele (Shellenbarger and Mohler, 1978) .
We detect Dl expression at high levels within proneural stripes and at low levels within interstripes. Conversely, we find that Notch expression is higher in interstripes than in stripes. These asymmetries suggest that stripe cells (expressing high levels of Delta) may interact with adjacent interstripe cells (expressing high levels of Notch), resulting in higher levels of Delta-Notch signalling activity in interstripe cells than in stripe cells. This asymmetric expression may be essential for normal repression of achaete expression in interstripe but not stripe cells. Alternatively, it is possible that the low levels of Delta expression within interstripe cells are sufficient for repression of achaete expression within these cells. We are currently investigating whether Dl expression within proneural stripes is necessary for achaete repression between stripes.
Delta-Notch signalling prohibits adoption of the microchaeta SOP fate by repressing achaete expression
Various members of the Delta-Notch pathway have been found to affect proneural gene expression during embryonic and postembryonic development. In embryonic proneural clusters, initial proneural gene expression is normal in neurogenic mutants. However, expression within proneural clusters fails to resolve to a single cell in neurogenic mutants, as compared to wildtype embryos (Brand and Campos-Ortega, 1988; Skeath and Carroll, 1992; RuizGómez and Ghysen, 1993; Lecourtois and Schweisguth, 1995; Martín-Bermudo et al., 1995) . In late third larval instar wing discs, ac-expressing proneural clusters fail to resolve to a single cell in a Su(H) hypomorphic genotype (Schweisguth and Posakony, 1994) . We find that reductions in Delta function during microchaeta SOP specification result in the presence of excess achaete-expressing cells (this report) and that supernumerary SOPs are specified (Parks and Muskavitch, 1993) . We also find that cells within microchaeta proneural stripes fail to express ac in the presence of an activated Notch receptor (this report), and there is a subsequent loss of microchaeta SOPs (Bang et al., 1995; Lyman and Yedvobnick, 1995; our unpublished observations) . This indicates that the Delta-Notch signalling pathway restricts adoption of the microchaeta SOP fate by repressing ac expression within microchaeta proneural stripes, as in embryonic and third larval instar proneural groups.
Delta and Notch expression patterns imply neurogenic signalling may mediate mutual inhibition within proneural stripes
Our expression data indicate that Dl is transcribed and Delta protein is localized throughout the entire microchaeta proneural stripe. We detect no obvious asymmetries in Dl expression within proneural stripes at the transcriptional level; nor do we detect decreases in Notch protein levels in nascent SOPs. Similarly, no asymmetries in Delta accumulation have been detected within macrochaeta proneural clusters (Joaquim Culí and Juan Modolell, pers. comm.) . This is in contrast to predictions of models (see above) that suggest a Delta-Notch feedback loop might result in higher Delta expression in the cell adopting the SOP fate and higher Notch expression in immediately surrounding cells. Within proneural stripes, therefore, our expression data are most consistent the idea of mutual inhibition, i.e., that microchaeta proneural cells within the entire equivalence group interact via Delta and Notch to inhibit adoption of the SOP fate (Goriely et al., 1991; Parks and Muskavitch, 1993; Muskavitch, 1994) . Expression patterns for three downstream components of the pathway, Su(H), H and the E(spl) m8 gene, which are present throughout microchaeta proneural stripes (Bang and Posakony, 1992; Lecourtois and Schweisguth, 1995; Gho et al., 1996) , are also consistent with this idea. In addition, expression of Notch(intra) at times after expression of A101-mediated b-galactosidase should have begun results in loss of SOPs ( Fig. 6B ; data not shown). This suggests that SOPs remain sensitive to Delta-Notch signalling activity for some time after specification begins (see also Bang et al., 1995) . In wildtype nota, SOPs may be protected from Delta-Notch signalling activity by proteins such as Hairless (Bang et al., 1995; Lyman and Yedvobnick, 1995) . It is also possible that removal of the SOP from this inhibitory field may involve subtle changes in the levels of Delta and/or Notch expression that are undetectable using current probes. While we do detect variations in the levels of Dl expression among proneural cells, we discern no pattern to these variations.
After achaete protein expression has, for the most part, resolved to cells adopting the SOP fate, there do appear to be asymmetries in subcellular Delta protein localization in the vicinity of SOPs. This implies that post-transcriptional control of Delta within, and perhaps in the vicinity of, the SOP cell differs from that in remaining cells. In many Drosophila tissues in which Dl is expressed, there is efficient endocytosis of the Delta protein into intracellular vesicles (Kooh et al., 1993; Parks et al., 1995; Huppert, Jacobsen and Muskavitch, submitted) . This down-regulation of Delta from the cell surface is often correlated with specification events (ibid.). In the developing notum, we observe these changes in protein accumulation relatively late during SOP specification. We do not know if they cause, or result from, SOP specification. It is possible that the substantial vesicularization of Delta in the vicinity of the SOP reflects a higher rate of signalling from the SOP cell to its neighbors, resulting in maintenance of spacing between SOPs. Spacing between supernumerary microchaetae is maintained in weak to moderate Dl hypomorphic genotypes (Parks and Muskavitch, 1993; Parody and Muskavitch, 1993) , indicating the continued presence of a lateral inhibitory function, perhaps attributable to residual Delta function still present in specified SOPs. Alternatively, this vesicularization may reflect removal of the SOP cell from a field of mutual inhibition. Spacing may be maintained by other putative inhibitory signals such as scabrous, a secreted protein expressed within macrochaeta proneural groups and at higher levels in SOPs (Mlodzik et al., 1990) .
The Delta-Notch signalling pathway is required for correct cell fate choice at the two-cell stage of microchaeta development
Two lines of evidence have indicated that Delta and Notch might function at the two-cell stage of bristle development. de generated clones null for N during macrochaeta SOP division. They examined the resulting adults and found that N + /N + macrochaetae (i.e., trichogen and tormogen cells) developed at twice the frequency of controls. This suggested that within a two-cell bristle organ, the sister with the most Notch adopts the pIIa fate and indicated a role for Notch in pIIa/pIIb cell fate choice. In addition, we have shown that in some Dl temperature-sensitive genotypes, loss of microchaetae is correlated with the presence of two neurons associated with thecogen cells, suggesting pIIa has adopted the pIIb fate (Parks and Muskavitch, 1993) . Here, we have employed expression of an activated Notch receptor to show that activation of the Delta-Notch pathway specifically during the two-cell stage causes adoption of the pIIa fate by the pIIb cell. This demonstrates that at the two-cell stage, DeltaNotch signalling prohibits adoption of the pIIb fate. Reduction in Delta-Notch activity results in adoption of the pIIb fate by both SOP daughters, while induction of Delta-Notch activity results in adoption of the pIIa fate by both SOP daughters.
During the two-cell stage, Dl is expressed at apparently equal levels in both pIIa and pIIb, as well as in surrounding epidermal cells. Delta-Notch inhibition of the pIIb fate may therefore result from interactions between the two SOP daughters, or alternatively, may result from interactions among pIIa, pIIb and their neighbors. The lack of asymmetric Dl transcription or Delta protein localization at this stage suggests that other proteins may play an important role in regulating transmission or reception of the Delta-Notch signal. This role may well be performed by the numb protein, as has been suggested by Posakony (1994) and Rhyu et al. (1994) for thoracic bristle development and Spana et al. (1995) for dMP2/vMP2 choice in the embryonic CNS. It is also possible that post-translational modifications to the Delta protein in one SOP daughter or in surrounding epidermal cells may result in enhancement or reduction of DeltaNotch signalling activity, and the subsequent adoption of particular cell fates.
The Delta-Notch signalling pathway is required for correct specification and cell fate maintenance of the four cells of the bristle organ
The effects of Notch(intra) expression we observe confirm similar results obtained using the same methods (Lyman and Yedvobnick, 1995) , which indicate that both daughters of pIIa will adopt the tormogen fate in the presence of excess Delta-Notch signalling activity. Expression of Notch(intra) for several hours after pIIa division can result in partial transformation of a trichogen cell into a tormogen cell, indicating the daughters of pIIa are sensitive to perturbations in the level of Delta-Notch signalling after trichogen/tormogen cell differentiation has begun. Similar conclusions have been drawn based on analyses of H and Su(H) function (Bang and Posakony, 1992; Schweisguth and Posakony, 1994) .
Dl expression is detected in microchaeta trichogen and tormogen cells for several hours after pIIa division, consistent with a requirement for continued Delta-Notch signalling for correct development of these cells. Expression in the trichogen appears higher than in the tormogen and, in some preparations, appears to persist longer in the trichogen cell than in the tormogen cell. numb, H, Su(H) and E(spl) are also known to be required for the adoption of different fates by the daughters of pIIa (Bang et al., 1991; Bang and Posakony, 1992; Rhyu et al., 1994; Schweisguth and Posakony, 1994; Tata and Hartley, 1995) . Our Dl expression data and these studies suggest that Delta acts non-autonomously in the trichogen cell to cause increased Notch activity within tormogen cells, mediated by Su(H). This, in turn, prevents adoption of the trichogen fate. Hairless and numb appear to be required primarily in the trichogen cell to prevent Notch activity in that cell from inhibiting adoption of the trichogen fate (Lyman and Yedvobnick, 1995;  for review see Posakony, 1994) .
Adoption of the neuronal fate by the thecogen cell has been correlated with reductions in Dl and N function and with numb overexpression (Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993; Rhyu et al., 1994) . We present the first data indicating that the neuronal cell is also capable of adopting the thecogen cell fate. We observe variable loss of neuronal cells associated with bristle organs composed of two tormogen cells, indicating that the presumptive neuron can adopt the thecogen fate in the presence of activated Notch. This neuronal loss is infrequent and appears to be row-specific. We believe this indicates that there is a narrow temporal window during which the daughters of pIIb are sensitive to levels of Delta-Notch signalling. The variable Dl expression we observe in cells adopting neuronal and thecogen fates may reflect a relatively short period of Dl expression in these cells and is consistent with the idea that Delta-Notch signalling may be required for only a brief time to ensure correct adoption of these fates.
Experimental procedures
Fly stocks
Flies carrying the enhancer reporter transposon A101 (P[lArB]A101.IF3) (Bellen et al., 1989) balanced with TM3, were the gift of Hugo Bellen. A101/TM3 pupae and flies were used as control animals. The A101 transposon is inserted into the neuralized gene (Boulianne et al., 1991) and in heterozygous condition has no discernible effects on bristle development (see also Parks and Muskavitch, 1993) . Notch(intra) flies, which carry P[ry
construct composed of the intracellular domain of Notch under control of the hsp70 promoter (Struhl et al., 1993) , were provided by Gary Struhl (Columbia University, New York, NY). The sc 10-1 mutation is described in Lindsley and Zimm (1992) ; w sc /FM4 flies were the gift of James Posakony (UC-San Diego, La Jolla, CA). The sc 10-1 lesion is comprised of a nonsense mutation in the scute coding sequence that results in expression of a truncated protein (162 amino acids of 345 amino acids are translated) and an inversion within the regulatory region of achaete, In(1)ac3, which reduces the amount of achaete transcript to 0.05% of wildtype pupal levels (Campuzano et al., 1985; Villares and Cabrera, 1987) . Dl RF /ss Dl 6B37 e animals were generated by mating Dl RF /TM6C virgin females with ss Dl 6B37 e/TM6C males maintained at the permissive temperature of 18°C. Notch(intra) or Notch(intra)/ + ;A101/ + white prepupae were aged in humid chambers at 25°C. Heat pulses to 37°C were carried out at various developmental stages for 45 min or 2 h (see figure legends) . Heat-pulsed pupae were returned to 25°C and allowed to develop to adulthood, or dissected either after 1 h of recovery or at 48 h after puparium formation (APF). Dl RF /ss Dl 6B37 e white prepupae were similarly aged at 18°C. Pupae were pulsed at the restrictive temperature of 32°C for 5 h and then returned to 18°C for 1 h of recovery before dissection.
Heat pulses
Immunohistochemistry
Anti-Delta monoclonal antibody MAb 202, and antiNotch monoclonal antibody MAb C17.9C6 were generated in the laboratory of Spyros Artavanis-Tsakonas (Yale University, New Haven, CT). MAb 202 and C17.9C6 hybridoma supernatants were used at a dilution of 1:3, MAb 202 and C17.9C6 ascites were used at a dilution of 1:10 000. MAb 22C10, which recognizes a cytoplasmic epitope expressed primarily in neuronal cells (Zipursky et al., 1984; Hartenstein, 1988) was the kind gift of Seymour Benzer (California Institute of Technology, Pasadena, CA) and was used at a dilution of 1:100. A monoclonal antibody (990 E5 F1) against the achaete protein was the generous gift of Sean Carroll (University of Wisconsin, Madison, WI) and was used at a dilution of 1:5. A monoclonal antibody against b-galactosidase (Promega, Madison, WI) was used at a dilution of 1:500.
Immunolocalization was carried out as described in Parks et al. (1995) . Briefly, tissue was dissected, fixed in 4% paraformaldehyde for 30-45 min, and incubated in primary antibody diluted in TPBS (anti-Delta and anti-Notch) (3 mM NaH 2 PO 4 , 7 mM Na 2 HPO 4 , 131 mM NaCl, 0.3% Triton X-100, pH 7.5) or TNN (anti-achaete) (150 mM NaCl, 50 mM Tris-HCl pH 6.8, 0.5% NP-40; Carroll and Whyte, 1989) and 5% normal goat serum (NGS) overnight at 4°C. Tissue was then incubated in goat anti-mouse antibody conjugated to horseradish peroxidase (HRP) (diluted 1:800 in TPBS or TNN plus 5% NGS; Jackson Immunochemicals, West Grove, PA) at room temperature (RT). Peroxidase activity was visualized using 3,3′-diaminobenzidine (DAB). In most cases, the color reaction was intensified using silver enhancement (Gallyas et al., 1982; Liposits et al., 1984) . Where noted, b-galactosidase activity was localized following the color reaction (and prior to silver enhancement) by incubating in Fe(CN)/X-gal staining solution (Hartenstein and Posakony, 1990) . Tissue was mounted in glycerol and viewed using a Zeiss Axioskop. Micrographs were taken using either a MC100 35 mm camera or a Sony DXC-960MD video camera attached to a Macintosh Quadra 800. Video images were processed using Adobe Photoshop 3.0.3. In some instances, parts of two or more micrographs were combined in a montage to generate a continuous image of the disc epithelium.
In situ hybridization
In situ hybridizations were performed as described in Kopczynski and Muskavitch (1992) using a pool of digoxygenin-UTP containing probes generated from ten intronic sequences (A2, 3, B1, 3, C1-5, D3; Kopczynski and Muskavitch, 1992) . Dl introns accumulate near the site of transcription in the nucleus and appear as sharp black dots (Haenlin et al., 1990; Kopczynski and Muskavitch, 1992) . Developing nota were dissected from staged A101/TM3 pupae, fixed in 4% paraformaldehyde, stained for b-galactosidase activity as described above and hybridized to pooled probes. Hybridized tissue was incubated with antidigoxygenin antibodies conjugated to HRP overnight at 4°C, followed by a DAB color reaction and silver enhancement. All in situ images are composed of two or more focal planes collected using a Sony DXC-960MD video camera and overlaid using the Adobe Photoshop Layers utility. The number of focal planes for each panel is indicated in the respective figure legend.
Scanning electron microscopy
Adult flies were collected and stored in 70% EtOH until processing for scanning electron microscopy as described in Shepard et al. (1989) .
